The influence of a thin carbonate-containing hydroxyapatite (CA) coating to tetragonal zirconia polycrystal (TZP) on osteoblastlike cell response was investigated. TZP disks were subjected to blasting and acid etching. Thin CA coatings were deposited by the molecular precursor method (TZP-CA). Initial cell adhesion of mouse osteoblast-like cells MC3T3-E1 was enhanced, and marked progress of actin filaments was observed on TZP-CA compared to on TZP. After 3, 5 or 7 days, cell proliferation on TZP-CA was significantly higher than that on TZP. Alkaline phosphatase activity was slightly lower on TZP-CA than on TZP at 7 days, and no difference was observed at 14 or 21 days. At 28 days incubation, collagenous fibers with mineral precipitants accompanied by phosphorous and amino groups were observed. These results indicate that thin CA coating with molecular precursor method offers promise as a means of enhancing cell response, particularly initial adhesion and proliferation of MC3T3-E1 cells.
INTRODUCTION
Tetragonal zirconia polycrystal (TZP) is often used in the framework for fixed, metal-free prostheses or dental implants as it offers biocompatibility combined with good mechanical and esthetic performance 1) . Moreover, it offers an advantage over titanium (Ti) in that there is no risk of discoloration or hypersensitive reaction [2] [3] [4] . The osseointegration capability and durability of TZP implants has been reported to be similar to that of Ti implants in a number of animal experiments, indicating its suitability as an implant material at the ultrastructural level [5] [6] [7] [8] . Histomorphometrical analysis, however, revealed that bone implant contact was slightly better on Ti than on TZP surfaces 9) . Calcium phosphate (CaP)-coated implants, including hydroxyapatite (HA, Ca 10(PO4)6(OH)2), show good osteoconductivity during the early stage of osteogenesis and direct binding to bone tissue in vivo. Alkaline phosphatase (ALP) expression and parathyroid hormone response were higher in cultures grown on HA than in those grown on Ti, and in vitro formation of extracellular matrices was greater on CaP coatings than on Ti. Calcium ions dissolve from the CaP surface, resulting in the deposition of a mineralized layer, which stimulates the bone cells to continue extracellular matrix (bonding zone) synthesis and calcification. Calcium phosphate ceramics adsorb many osteogenesis-related proteins, which play an important role in the mineralization of bone tissues 10) .
In carbonate-containing hydroxyapatite (CA) a kind of HA, phosphate radicals (PO4) are partially replaced by a carbonate radical (CO3), making its composition closer to that of bone. Carbonate-containing hydroxyapatite has been reported to hasten biomineralization through enhancement of osteoclastic resorption 11, 12) .
In spite of rapid and strong bonding to living bone tissues and favorable osteogenic ability, CaP ceramics (HA or CA) alone cannot be used for implants because of their lack of strength. Accordingly, CaP is often used to coat Ti implants by plasma spraying instead. Such CaPcoated implants, however, often develop fractures in the coatings and at the Ti interface after implantation. This is due to the comparative thickness (more than 100 μm) of the CaP layer, which is also porous, non-uniform (crystalline, surrounded by an amorphous mass), and only weakly adherent. Therefore, when this material is used, it is desirable for it to be absorbed into the host tissue and entirely replaced with new bone tissue as rapidly and completely as possible. Osteogenesis occurs at sites where old bone has been absorbed (remodeling), so CaP coatings should be no thicker than necessary 10) .
Recently, Sato et al. 13) developed the so-called molecular precursor method, in which a thin, crystalline CA film is deposited on Ti after first applying another solution containing a Ca-EDTA complex and phosphate compounds. The procedure by which these CA thin films are fabricated is very simple, with the precursor solution being first applied to the Ti substrate and then tempered. The resulting film thickness is less than 1 μm, and tensile bond strength measurement and the scratch test showed an excellent degree of adhesion of 14) . Moreover, a greater amount of CaP crystals was observed on Ti plates coated with a CA thin film after immersion in simulated body fluid than on uncoated Ti plate surfaces 15) . In in vivo animal experiments, Hayakawa et al. also demonstrated that cylindrical Ti implants 16) and fiber meshes 17) coated with CA film induced greater bone formation during the healing phase than uncoated specimens. This suggests that coating TZP with a CA thin film coating would promote bone formation. However, to our knowledge, no studies to date have evaluated TZP substrates coated with CA thin film either in vitro or in vivo. Therefore, the aim of the present study was to elucidate the effect of a thin CA coating on osteoblastlike cell response in TZP ceramics.
Influence of thin carbonate-containing apatite coating with molecular precursor method to zirconia on osteoblast-like cell response

MATERIALS AND METHODS
Surface treatment of TZP specimens
Yttria stabilized tetragonal zirconia polycrystal (TZP; TZ-3YB-E, Tosoh, Tokyo, Japan) was machined into disks 13 mm in diameter and 0.5 mm in thickness for use as substrates. The TZP disks were subjected to the surface treatments shown in Table 1 .
The disks were subjected to blasting and acid etching. Blasting was performed perpendicularly to the surface from a distance of 10 mm with 150-μm alumina particles at 0.6 MPa air pressure; acid etching was then carried out on the blasted specimens with 46% hydrofluoric acid (HF) for 15 min at room temperature. These disks were cleaned ultrasonically using ethanol and distilled water for 20 min. Finally, they were sterilized in an autoclave prior to use.
Coating with carbonate-containing hydroxyapatite
A molecular precursor solution (20 μL) was applied to the surface of half of the total number of disks, covering the entire area (TZP-CA) according to the procedure of an earlier report 14) . Briefly, the solution was spin-coated onto the TZP disks at 500 rpm for 5 s and 2,000 rpm for 30 s using a spin-coater (K359 S-1, Kyowa Riken, Tokyo, Japan). Subsequently, the precursor films that formed on the disks were dried at 70°C for 10 min and then tempered at 600°C for 2 h using a tube furnace (ISUZU, Niigata, Japan) under pure O 2 conditions. A coating thickness of approximately 0.44±0.01 μm was determined using a contact profilometer (DEKTAK3030, Veeco, NY). The TZP-CA disks were finally sterilized in an autoclave prior to use.
Surface microstructure and surface roughness
The arithmetic mean surface roughness (Ra) of the specimens (n=5) was measured using a surface profilometer (Surfcom 130A, Tokyo Seimitsu, Tokyo, Japan) with a measuring length of 4 mm and cut-off value of 0.8 mm. The specimens were then observed with an electron-beam 3-dimensional surface roughness analyzer (ERA-8900FE; Elionix, Tokyo, Japan) at an accelerating voltage of 15 kV and 3-D images reconstructed within a dimensional range of 60×45 μm. The following surface parameters were considered: Sa (µm): average roughness; average height deviation from the mean plane within the area to be measured (corresponding to 2-D Ra).
Sdr: developed interfacial area ratio; additional surface area created by roughness compared with that of totally flat plane (not corresponding to 2-D measurement).
Surface wettability
The surface wettability of the specimens was determined by application of a 4-μL droplet of doubledistilled water (DW), measuring contact angle 3 s later using a contact angle meter (Phoenix α, Meiwaforces, Tokyo, Japan). Measurements were made at two different locations on each sample.
Cell culture
Mouse osteoblast-like MC3T3-E1 Subclone 4 cells were purchased from the RIKEN Bioresource Center (Wako City, Japan). Cells were cultured at 37°C in an atmosphere of 5% CO 2 and 100% humidity in an alpha modification of Eagle's minimal essential medium (α-MEM) containing 10% fetal bovine serum (FBS, Gibco Laboratories Life Technologies Inc.). After reaching 80% confluence, the cells were trypsinated and seeded onto the test substrates. The medium was changed every 3 days.
Initial cell adhesion
The initial adhesion ability of the cells was evaluated by measuring the quantity of living cells adhering to the disks using WST-1 based colorimetry (WST-1, Roche Applied Science, Mannheim, Germany).
The cells were seeded onto TZP or TZP-CA disks (n=5) placed in 24-well tissue culture plates at a density of 1×10 5 cells/cm 2 in 1 mL medium. After remaining in the culture for 3, 6 or 12 h, WST-1 was added to each well and incubated at 37°C for 1 h. Absorbance was measured at 450 nm using the Multi-Detectio reader SpectraMax M5 (Molecular Devices, Sunnyvale, CA). Significant differences were evaluated at each culture time point.
Cell morphology
After 3, 6 or 12 h culture the cells were washed twice in PBS, fixed for 30 min in 4% paraformaldehyde phosphate buffer solution (Wako Pure Chemicals, Tokyo, Japan), and permeabilized in 1% TritonX-100 in PBS for 5 min. Cells were then incubated in PBS containing 3% BSA for 30 min to block specific epitopes. Subsequently, the disks were washed 3 times in PBS, after which they were dyed with DAPI (1:200, nuclei blue color, Invitrogen, Gaithersburg, MD, USA) and Phalloidin (1:100, Alexa Fluor488, actin filament green color, Invitrogen, Gaithersburg, MD, USA) for 30 min. Confocal laser scanning microscopy (LSM5DUO, Carl Zeiss, Oberkochen, Germany) was used to examine cell morphology and cytoskeletal arrangement.
Cell proliferation
Cells were seeded onto TZP or TZP-CA disks (n=5) placed in 24-well tissue culture plates at a density of 2×10 4 cells/cm 2 in 1 mL medium. After remaining in the culture for 1, 3, 5 or 7 days WST-1 was added to each well and incubated at 37°C for 1 h. Absorbance was then measured at 450 nm using the Multi-Detectio reader SpectraMax M5 (Molecular Devices).
Cell differentiation
For the cell differentiation assay, the cells were seeded onto TZP and TZP-CA disks (n=5) at a density of 2.0×10 4 cells/cm 2 in medium supplemented with 50 μg/ mL ascorbic acid and 10 mM β-glycerophosphate in accordance with the method of Ito et al. 18 ) .
Alkaline phosphatase activity
Alkaline phosphatase (ALP) activity in the MC3T3-E1 cells on each specimen after differentiation for 7, 14 or 21 days was assayed using the LabAssay TM ALP kit (Wako Pure Chemicals, Tokyo, Japan) according to the standard procedures. The cell layers were first washed with PBS, after which 1 mL of 0.1% Triton X-100 was added and detached using a cell scraper, followed by sonication for 30 s on ice (Branson, USA). Cell debris was removed by centrifugation at 15,000 rpm for 15 min at 4°C. The level of ALP activity was normalized by the amount of total protein using BCA protein assay reagent (Pierce Chemical, Rockford, IL, USA) according to the manufacturer's instructions.
Osteocalcin secretion
Osteocalcin (OCN) was quantified in the cell culture supernatant for 7, 14, 21 or 28 days incubation using the Mouse Gla-Osteocalcin High Sensitive EIA Kit (Takara, Shiga, Japan). The assay was performed according to the manufacturer's instructions and absorbance measured at 450 nm using the Multi-Detectio reader SpectraMax M5 (Molecular Devices). Absorbance was directly converted to OCN activity level based on a protein standard curve.
Scanning electron microscopy, EPMA analysis and Fourier transform infrared spectroscopy of extracellular matrix
To confirm the formation of the extracellular matrix, including mineral precipitants and collagen fiber, scanning electron microscopy (SEM) was performed together with EPMA and Fourier transform infrared spectroscopy (FT-IR) analyses. At 28 days incubation, cells and matrix were fixed in 0.25% glutaraldehyde with 0.1 M sodium cacodylate buffer (pH 7.2, 37°C), dehydrated in a graded series of ethanol and dried with tetramethylsilane. Subsequently, an adhesive carbon tape was affixed to the surface of each specimen and then detached. Multi-layered cells and matrix on the tapes were then carbon-coated. SEM observation using a scanning electron microscope (SEM; SU6600, HITACHI, Tokyo, Japan) and EPMA analysis using an electron probe microanalyzer (EPMA; JXA-8200, JEOL, Tokyo, Japan) were then carried out. In addition, the matrix on the tapes was analyzed using FT-IR (FT-IR-430, Jasco Corp., Tokyo, Japan) at 4 cm −1 resolution.
Statistical analysis
The statistical significance of the data was assessed with an analysis of variance (ANOVA) followed by the Bonferroni test. Figures 1 and 2 show SEM and 3-D images of the surface microstructure, respectively. Both TZP and TZP-CA showed a nano-scale granular morphology with a comparatively large-waved configuration.
RESULTS
Surface topography of substrates
The Ra, Sa and Sdr values are shown in Fig. 3 . No statistically significant difference was observed between TZP and TZP-CA on any measurement scale.
Surface wettability
The contact angles against DW are shown in Table 2 . A smaller contact angle was observed in TZP-CA than in TZP, indicating hydrophilicity. Figure 4 shows initial cell adhesion ability on the specimens at 3, 6 or 12 h incubation. Cell adhesion increased with cell culture time, with cell adhesion on TZP-CA significantly higher than that on TZP at 3 and 6 h of incubation (p<0.01).
Initial cell adhesion and morphology
Confocal laser scanning microscopy images of cell morphology at 3, 6 or 12 h cultivation with dual staining with DAPI for nuclei (blue) and Phalloidin for actin filaments (green) are shown in Fig. 5 . Cell spread extended with time in both the TZP and TZP-CA specimens, with cell morphology changing from spherical to flat by development of actin fibers. Extension of filopodia was more advanced on TZP-CA than on TZP surfaces at 3 or 6 h cultivation. Marked progress of actin filaments, in particular, was observed on TZP-CA at 6 h cultivation. At 12 h cultivation, no difference was observed in cell morphology between TZP and TZP-CA.
Cell proliferation
The results for cell proliferation ability at 1, 3, 5 or 7 days cultivation are shown in Fig. 6 . Cell proliferation increased with length of culture time and did not reach a Both TZP and TZP-CA showed nano-scale granular morphology with comparatively large-waved configuration. Cell adhesion increased with cell culture time and cell adhesion on TZP-CA was significantly higher than that on TZP at 3 or 6 h incubation (p<0.01). Cell proliferation increased with increase in culture time, and did not reach plateau. After 3, 5 or 7 days cell proliferation on TZP-CA was significantly higher than that on TZP. plateau; that is, the cells continued proliferating even up to 7 days. At 3, 5 or 7 days, cell proliferation on TZP-CA was significantly higher than that on TZP.
Cell differentiation 1. Alkaline phosphatase activity Alkaline phosphatase activity at each time period is Collagenous fibers with number of mineral precipitants were observed. Fig. 10 EPMA analysis of multilayered cells and matrix at 28 days cultivation. Ca and P were recognized in same areas as mineral precipitants. Fig. 11 FT-IR analysis of matrix at 28 days cultivation. Phosphorous groups originating in mineral precipitants and amino groups originating in collagen were identified.
shown in Fig. 7 . This activity increased in TZP and TZP-CA from the beginning of differentiation-induction until 21 days, with TZP showing higher ALP activity than TZP-CA at 7 days (p<0.05). No significant difference was observed in ALP activity between TZP and TZP-CA at 14 or 21 days.
Osteocalcin secretion
Osteocalcin was conspicuous at 14 days cultivation. At 21 days, the amount of OCN reached a peak on both TZP and TZP-CA. No significant difference was observed in OCN secretion between TZP and TZP-CA (Fig. 8 ).
SEM observation, and EPMA and FT-IR analyses of extracellular matrix
Collagenous fibers and a number of mineral precipitants were observed on both TZP and TZP-CA ( Fig. 9 ). EPMA analysis revealed Ca and P in the same areas as the mineral precipitants (Fig. 10) . The FT-IR analysis revealed phosphorous groups originating in the mineral precipitants and amino groups originating in collagen on both the TZP and TZP-CA specimens. The number of phosphorous groups on TZP-CA was greater than that on TZP (Fig. 11 ).
DISCUSSION
The aim of the present study was to evaluate the effect of a thin CA coating on MC3T3-E1 response on TZP ceramics in vitro. The results showed that a thin CA coating enhanced initial adhesion and proliferation of MC3T3-E1 cells.
In their guidelines on surface characterization, Wennerberg & Albrektsson 19, 20) emphasize the importance of multiple roughness parameters. They note that surface topography cannot be characterized well with only one parameter, since one surface may have the same height deviation but differ in spatial distribution when compared to another. They also recommend SEM with a stereo pair of images as the most suitable approach due to its high resolution.
The microstructure of samples can be detected by 3-dimensional SEM because the lateral resolution is sufficiently high. They also recommend multi-scale measurements with proper filtering procedures to exclude errors of form and waviness.
Recently, the importance of the nano-structure of a surface on biological response has been recognized. Nanoscale modification of an implant surface could contribute to the mimicry of cellular environments and thus favor rapid bone accrual [21] [22] [23] [24] . Therefore, micro-and nano-topographies were created on the TZP surface by blasting and acid etching in the present study.
Deposition of CA onto TZP was carried out using the molecular precursor method. One previous study 14) showed that thin film-coated Ti had a Ca/P ratio of approximately 1.56, apatitic crystallized structure of CaP, and coating thickness of 0.44 μm. In the present study, the coating showed excellent adhesion and no apparent dissolution after immersion in PBS solution for 1 month. Blasting and acid-etching of the TZP surface yielded a nano-scale granular morphology with a comparatively large-waved configuration. On the other hand, no decrease was observed in the nano-scale granular morphology on TZP-CA, even though a 0.44μm CA film was recognized ( Figs. 1 and 3) .
Initial cell adhesion on TZP-CA was significantly higher than that on TZP at 3 or 6 h incubation. No clear difference was observed in surface topography between TZP and TZP-CA.
Many studies have shown that hydrophilicity of the material surface enhances cell adhesion. Watanabe et al. 25) reported that cell adhesion increased on superhydrophilic surfaces in TZP. Li et al. 26) reported that hydrophilicity increased on Ti and zirconia surfaces, leading to an increase in initial cell adhesion. In the present study, a smaller contact angle was observed on TZP-CA than on TZP. We believe that an increase in hydrophilicity on TZP-CA was responsible for the observed enhancement of initial cell adhesion, even though the measured contact angle was not superhydrophilic.
It is possible that the CaP on the TZP-CA may have enhanced initial cell adhesion. Chang et al. 27) and Okumura et al. 28) reported that HA coating of Ti resulted in greater initial cell adhesion than in noncoated specimens.
In the present study, proliferation of MC3T3-E1 cells was significantly higher on TZP-CA than that on TZP at all periods of incubation. One study found that sputter-coating of Ti implants with HA promoted proliferation of osteoblasts compared with non-coated Ti specimens 29) . In addition, Kanatani et al. 30) reported that elevated concentrations of extracellular Ca 2+ enhanced cell proliferation of MC3T3-E1 cells. Accordingly, cell proliferation on TZP-CA may also be mediated by Ca in addition to increased surface hydrophilicity as previously reported 31) .
Osteoblasts cultured on HA-coated Ti showed high differentiation and mineralization compared with non-coated Ti 32, 33) . Expression of ALP and parathyroid hormone response were higher in cultures grown on HA than in cultures grown on Ti 34) , and the in vitro formation of extracellular matrices was greater on CaP coatings than on Ti. Several mechanisms have been suggested to underlie osteogenesis on CaP ceramics. First, implanted CaP may act as a nucleation site, exhibiting crystallographic properties in epitaxial processes on the newly developed structure. As Ca 2+ dissolves from the CaP surface, a mineralized layer is deposited, stimulating the bone cells to continue synthesis of the extracellular matrix (bonding zone) and calcification 35) . Furthermore, CaP ceramics adsorb many osteogenesis-related proteins which play an important role in the mineralization of bone tissues.
Despite the observed enhancement of differentiation by coating with CaP in the present study, TZP-CA showed lower ALP activity than TZP at 7 days, and no difference was observed between TZP and TZP-CA at 14, 21 or 28 days. One possible explanation for this is the proliferation stage of the cells. Indeed, cells continued to proliferate at 7 days, and this tendency was remarkable on TZP-CA. An inverse relationship has been reported between proliferative activity and progress of cellular differentiation 36) . This may explain why ALP activity was not pronounced on TZP-CA at 7 days, as differentiation had not yet commenced.
At 28 days incubation, collagenous fibers with mineral precipitants (Figs. 9, 10) accompanied by phosphorous and amino groups (Fig. 11) were observed. These phenomena were slightly more advanced on TZP-CA than on TZP, indicating stimulation of extracellular matrix synthesis and calcification on TZP-CA. That is, in this experiment, calcification was promoted by TZP-CA regardless of the value of the ALP.
In conclusion, the present results indicate that thin carbonate-containing apatite coating with molecular precursor method offers a promising method of inducing cell response, especially initial adhesion and proliferation of MC3T3-E1 cells.
